Nanoimprinting is a simple and efficient way to generate nanopatterns over a large area by pressing a master mould to penetrate into the surface of a substrate. It is known that interfacial friction force is a main factor responsible for pattern defects in nanoimprints. Here, nanoimprinting of metals by carbon nanotube arrays under a high-frequency vibration perturbation were studied via molecular dynamics simulations. The effect of mechanical vibration on material deformation and imprint force during nanoimprinting were examined. The results show that the pressing and frictional forces can be reduced significantly by exciting the mechanical resonances of the nanoimprinting system. The friction reduction strongly depends on the frequency and amplitude of the vibration. This work demonstrates that the nanoimprinting process can be controlled by external vibration, which may have an important implication for defect prevention in nanoimprinting.
INTRODUCTION
The ability to replicate patterns from micro-to nanoscale is a key to the advance of various electronic devices. Nanoimprinting can generate nanopatterns over a large area by pressing a master mould to penetrate into the surface of a substrate. This new technology promises low-cost, high-throughput patterning of nanostructures and achieves pattern resolutions beyond the limitations set by the light diffractions or beam scatterings in other conventional techniques. Although this technique is originally developed to imprint on soft polymer, [1] [2] [3] [4] [5] nanoimprinting on metal, such as copper, gold and aluminum, has been demonstrated recently using diamond or SiC or metal moulds. [6] [7] [8] [9] [10] [11] [12] [13] [14] Since a mould used for imprint lithography typically has a high density of nanoscale protrusion features on its surface, which effectively increases the total surface area that contacts the imprinted film, interfacial friction force due to the larger contact area is mainly responsible for pattern defects in nanoimprints. [14] [15] [16] The friction can induce significant distortion and even breakdown of transferred patterns, especially for high aspect ratio patterns. 17 18 Currently, friction is one of the main factors that limit the applications. A few methods, such as anti-adhesion coatings, have been developed to reduce the adhesion and friction in nanoimprinting. 19 However, due to the wearing and * Author to whom correspondence should be addressed.
stability of this surfactant coating layer, the moulds need to be repeatedly treated, which complicates imprint-based technology in industrial applications. In the case of metal imprinting, such a coating layer may not survive due to high imprinting force. Previous works have demonstrated that the use of ultrasonic vibration in micro hot embossing processes proved to be effective in improving the molding accuracy. 20 21 The high-frequency mechanical vibration can cause various phenomena, such as dislocations motion in metals, which may benefit the metal nanoimprinting. 22 Here, we consider the reduction of the interfacial friction in nanoimprint by mechanical vibration. For nanoimprint of carbon nanotube (CNT) arrays on copper substrates, we found that both indentation force and interfacial friction can be reduced significantly by applying an external perturbation of high-frequency mechanical vibration. Since the mechanical vibration can be readily induced by piezoelectric excitation or ultrasonic impulses, our results thus point toward a new and practical direction in controlling the friction force in nanoimprinting.
SIMULATION METHODS
We study the influence of mechanical perturbation on friction by simulating the imprinting process of carbon nanotube (CNT) arrays on copper substrate using molecular dynamics (MD). Vertically-aligned CNT arrays, which have unique properties such as high strength and high stiffness, [23] [24] [25] [26] [27] [28] are attractive as nanoimprinting moulds. Carbon materials are excellent solid lubricants for dry machining, and carbon nanotubes may be self-lubricating in nanoimprinting. Furthermore, using the CNT arrays as a nanoimprint stamp can transfer the high-density patterns into metal and/or polymer thin films. 4 12 16 Directly transferring the high-density nanopatterns into thin metal or other films is of interest in the applications such as nanofiltration, and nanoscale device fabrication. In this study, a unit cell model composed of a single CNT on a single crystal copper substrate is considered, as shown in Figure 1 (a). The CNTs are armchair double-walled CNT (DWCNT) (12,12)(7,7) with interwall sp 3 bonding. Outer wall of nanotube diameter d = 1 7 nm with a length of L = 5 ∼ 10 nm. To create interwall bonding in the DWCNTs, we use the same procedure as in our previous work, 29 in which sp 3 bonds connecting C atoms in the two walls are introduced at random locations. The degree of sp 3 bonding is characterized by the fraction defined as the number of inter-wall sp 3 bonds divided by the number of atoms in the inner wall of the DWCNT ( = 12%). After introducing sp 3 bonds, the nanotube is relaxed to equilibrium. A copper substrate of cross-sectional dimensions 5 nm× 5 nm is created with [100] direction parallel to the CNT axis. The atoms at the bottom of the copper substrate are fixed along the direction parallel to the CNT axis. Periodic boundary conditions are applied to the copper substrate in the directions perpendicular to the CNT axis.
The interactions between carbon atoms are modeled using the adaptive intermolecular reactive empirical bond order (AIREBO) potential. 30 The copper-copper bonding was simulated using the embedded atom method (EAM). 12 31-33 Morse type potential 13 33-35 was used to compute the carbon-copper interaction force. These potentials have been widely applied to carbon-hydrogen and copper systems. The chemical bonding between CNTs and copper substrate was not considered in this study.
The classical molecular dynamics method was used to simulate nanotube indentation to the copper substrate. With a rescale thermostat to control temperature (300 K), the equations of motion were integrated with a time step of 0.5 fs. Simulation was performed by holding the two top rings of the CNT tips as a rigid body, moving downward, the remaining part of the CNT was simulated as in free motion, which has flexible characteristics. Prior to indentation, a sufficient relax time is taken to equilibrate the whole system. During indentation, the CNT will first penetrate the copper substrate and then retreat at a constant speed of ∼5 m/s, achieving near equilibrium. To eliminate the possible effect of the thermostat on the measured friction, the thermostat coupling in the CNT and small portion of matrix close to the CNT (about two layers) was eliminated after 20000 time steps of relaxation while the rest of the matrix was still under the control of the thermostat. To investigate the effect of mechanical vibration on indent force and friction, a small sinusoidal displacement with different amplitude is applied to the top two rigid rings of CNTs during indentation ( Fig. 1(b) ).
RESULTS AND DISCUSSION

Material Deformation and Imprint Force During
Nanoimprinting with Vibration
The nanoimprinting process was simulated to reveal the materials deformation and imprint force change due to vibration. The typical materials deformations during the imprint are shown in Figure 2 . The axial force on the nanotube versus indent distance during nanoimprinting with and without vibration is plotted in Figure 3 . When the CNT approaches the substrate surface, it is subject to an attractive force due to van der Waals interaction between the tube and substrate. After the CNT contacts the substrate ( Fig. 2(b) ), the indent force increases linearly. At a critical loading point, the slope of the force-displacement curve reduces while the force still increases. The onset of the nonlinear force curves represents the penetration of the CNT into the copper substrate and occurrence of plastic deformation which occurs at a much lower force under vibration than that without vibration. During the penetration, we observed a large number of dislocations formed in the copper substrate around the CNT (Fig. 2(c) ). Therefore, the reduction of force slope is due to the formation of the dislocations in the substrate. While the indent force increases to a peak value in regular imprint (no vibration), the force change under the vibration reaches a plateau after the penetration. When the CNT is retreated (Fig. 2(d) ), the friction force on the CNT gradually reduces in both cases due to the change in contact area but reduction rate under vibration is faster than that in the regular imprint. Figure 4 shows the maximum indent force as a function of vibrational amplitudes. When the mechanical vibration is appled on the CNT The indent force reduces by about 20% compared to the case of imprinting with no vibration. The force reduction does not depend on the frequency or amplitude of the vibration, indicating that any mechanical pertubation would be helpful to the nanoimprinting system. The reduction of the indent force decreases the pressure on the mould, and therefore may improve the durability of the moulds.
The frictional force versus the vibrational frequency during the retraction of the CNT is plotted in Figure 5 . The frictional force strongly depends on the frequency and magnitude of the vibration. A significant reduction in frictional force occurs at a relatively low frequency. Notably, the frictional force decreases by ∼7 times at a frequency of 10 GHz. It should be noted here that the above frequency is not an only one that could lead large reduction of frictional force. The large friction reduction could occur at a frequency much lower than 10 GHz, e.g., 10 kHz, which is not covered in this study due to the computation capability. The amplitude of the vibration also affects the frictional force. Basically, the force is nearly unchanged at an amplitude smaller than 0.00125 nm but at a large amplitude it strongly depends on frequency. This is not surprising because the amplitude represents energy input of the mechanical pertubation. The input energy must reaches certain level so as to influence the interfacial sliding while too high energy input may cause interfacial structural change. To interpret our results mechanistically, we have examined the structural change in nanotube, substrate and interface during the nanoimprinting. We have used the single-wall CNTs for imprinting but they are all buckled during indentation. The double-wall CNT with sp 3 bonding exhibits elastic deformation throughout the imprinting and no damage is found in the tube when vibration is applied. We attribute this behavior of the CNTs to the interwall sp 3 bonding which strongly enhances the buckling strength of a multiwall carbon nanotube. 29 The copper matrix is subject to a large plastic deformation during the imprinting. We found that under the mechanical vibration, more dislocations are generated around the nanotube, and more hillocks are formed on the free surface of the substrate. These phenomena suggest that the mechanical perturbations may reduce the indent and frictional forces by increasing dislocation mobility. It has been well-known that high-frequency vibration such as ultrasonic can move dislocations in metals. 22 The application of vibrational energy to a metal specimen undergoing deformation decreases the stress required for dislocation movement by supplying energy to dislocation sites and to aid in the production of new dislocations. This sudden liberation of additional dislocations causes a relief in the internal stress fields and a consequent reduction in the indent stress.
Since the CNT directly contacts the atoms at the CNT/substrate interface, the vibration will affect the mobility of these atoms at the interface. We have examined the density change of substrate around the CNT during the imprint. Figure 5 shows that density difference, v − 0 / 0 , versus the distance from the CNT surface, where v and 0 are the densities of Cu substrate with vibration and without vibration, respectively. The atom density reduces by 5∼10% in the region adjacent to the CNT surface when imprinting with vibration. This may be attributed to the vibration that allows the atom near the CNT to move out of the imprint hole along the interface due to the increase in kinetics energy. As a result, more atoms are transported to the substrate surface to form hillocks. The density of the atoms close to the CNT is therefore reduced due to the transportation, which cause the reduction of the frictional force between the CNT and substrate.
Effect of Vibration on Force and Frictional Coefficient During Through-Thickness Imprinting
Nanoimprinting sometimes requires penetration through a thin film (e.g., nanofiltration). We have pushed a long nanotube through a copper thin film to make a throughthickness hole. Again, we found that the frictional force is significantly decreased by applying the mechanical perturbation (Fig. 7) . However, when the frequency is higher than 100 GHz, the vibration does not influence the friction.
Since the friction force in this case is generated due to the contact between the nanotube side wall and copper matrix, and there is no 'end effect'. Thus, the friction reduction is directly related to the interfacial structural change induced by vibration energy. The vibrational energy would aid the motion at the interface to form low energy surface, dramatically reduce the friction between the CNT and substrate. The pressure on CNTs is also calculated for different frequency and amplitude of the vibration. Similar to the frictional force, the pressure also reduces when the mechanical vibration is applied. Assuming a microscale frictional law can be applied to this system, the frictional coefficient is determined to be the ratio of the measured frictional force to the pressure, as shown in Figure 8 . The results show that frictional coefficient is reduced to about 0.5 from 1.35 after the vibration is applied to the system. Again, we attributed this large reduction to the reconstruction of the interface under the mechanical vibration. Although there is no report on the direct measurement of the friction between nanotube and copper, the frictional coefficient in the range of 0 1∼1 7 was reported for CNTs on various materials including steel and graphite surface. 36 Most of the past and current research effort on friction reduction in nanoimprinting has focused on using surface coatings in the imprint of polymer thin film. Although such an approach has been promising, so far its effectiveness has been modest for polymer imprint and has not been applied to metal imprint due to its high stress and friction. The results presented here demonstrate that external excitation is an effective way to reduce the imprint load and friction. Specifically, the external vibration could reduce indent load by 20% and the interfacial friction by ∼7 times. Since mechanical vibration can be readily induced by piezoelectric excitation or ultrasonic impulses, the application of the vibration method introduces the possibility of more economical production techniques and the ability to fabricate nano-patterns which are difficult to handle by conventional means. Previous works have already demonstrated that the use of ultrasonic vibration in micro hot embossing processes proved to be effective in improving the molding accuracy. 20 21 The simulation results here thus provide an approach for effective prevention of defects in metal imprint technology. 
CONCLUSIONS
Molecular dynamics simulations using the EAM and Brenner potentials are conducted to study the nanoimprint process under the mechanical perturbation of vibration. The material deformation, dislocation development and imprint force are studied. The simulation results show that the indent force can be reduced by 20% under a vibration. The frictional force during retreating decreases by 7 times, compared to the case of no vibration, depending on the frequency of the applied vibration. The applied vibration also reduces the frictional coefficient between the nanotube and substrate. The imprinting force reduction is the results of mechanical vibration that increases the dislocation mobility in the copper substrate and atom transfer at the interface.
